In this letter, the interfacial reaction products and stress distribution in a Selective Laser Melted Al12Si/SiC composite were studied using confocal Raman microscopy. Energy dispersive X-ray spectroscopy (EDX) mapping and the Raman spectroscopy revealed that needle-like Al 4 C 3 and equiaxed Si are located at the interface between the Al matrix and SiC particles. This reaction was triggered by the high temperature within the SiC due to its high laser absorptivity. Raman frequency shifts to lower wavenumber were observed in both the SiC and Si, suggesting the existence of tensile stress within the interface. The tensile stress in SiC is estimated 570 MPa in the build direction (Z) which was higher than the tensile stress 240 MPa in the direction (X-Z) perpendicular to the building direction. No such difference was observed in the Si. The underlying reason was ascribed to the Gaussian distribution of the laser energy density and stress relief through the interfacial reaction.
Introduction
Aluminium metal matrix composites (AMMCs) are important engineering materials with high specific strength, excellent stiffness,tailorable thermal expansion coefficient as well as enhanced electrical performance [1] . AMMCs have found structural and functional applications in many industries including aircraft, automotive, energy storage as well as thermal management areas [1] . In processing of AMMCs, it is critical that the reinforcements disperse homogeneously into the Al matrix, as this plays a vital role in determining the properties [2] . Yet, the dispersion of the reinforcements is still a challenge. With the recent development of powder bed additive manufacturing (AM) techniques such as Selective Laser Melting (SLM), a homogenous dispersion of the reinforcements is easier to achieve [3] [4] [5] [6] , while the density advantages of melt processing have been retained. This fabrication process also facilitates a wider choice of reinforcements and enables the microstructure to be tailored at any point in the
AMMCs.
There have been several reports of using SLM to produce AMMCs. Ghosh et al.
successfully fabricated Al4.5Cu3Mg/SiC AMMCs with improved hardness by direct metal laser sintering (DMLS) [3] . However, in their study, cracks were generated at the interface which were thought to form as a result of differences in thermal expansion coefficient. Ocelik et al. investigated the reaction zone at the interface between Al and SiC in the Al/SiC AMMCs fabricated using laser melt injection (LMI) [4] . The large amount of coherent small Al 4 C 3 plates on the surface of SiC was thought to cause particle cracking, and act as a crack initiation site in the AMMCs. In addition, in our recent study on SLM of Al12Si/SiC [5] , a large amount of the added SiC particles were broken down when using high incident laser energies (~71 J/mm 3 ), making the resultant microstructure and mechanical properties difficult to control. Therefore, it can be seen that the interfacial microstructure including phase formation between the Al matrix and the reinforcements hold the key to achieving desired properties in the AM fabricated AMMCs.
Due to the small interaction volume and short interaction time between the laser and the material, the local heating and cooling rates during SLM are very high (10 3 -10 8 K/s) [7] . This results in severe thermal and residual stresses, which arise from the steep temperature gradients, large expansions and shrinkages or non-uniform plastic deformation [8] . It is obvious that these stresses not only complicate the physical and chemical reaction at the interface between the Al matrix and the reinforcements but can cause detachment of the reinforcements from the Al matrix due to the thermal 3 expansion coefficient mismatch [3] . Residual stresses in a material can be investigated using X-ray diffraction and neutron scattering [9] . However, these studies focus on the overall distribution of residual stress and phase formation within the entire component.
As a non-destructive and micro-scale analysis technique, confocal Raman microscopy has been shown to be effective in determining the local residual stress and interfacial microstructure analyses [10] . In addition, it can be very sensitive to light elements involved in covalent bonds, due to the fact that the Raman scattering efficiency depends on the polarizability of electron cloud [11] .
In this study, confocal Raman microscopy was used to investigate the interfacial microstructure and distribution of residual stresses along the interface between Al12Si
and SiC within the Al12Si/SiC AMMCs fabricated by SLM. Scanning electron microscope (SEM, FEI Verios 460) with a high resolution energy dispersive X-ray spectroscopy (EDX, Oxford Instrument) was also used to investigate the interface.
The relation between the residual stress and the interfacial microstructure was revealed and discussed. This work provides important information for fabrication of AMMCs with tailorable microstructure and a controllable interface.
Experimental Section
Al12Si powder (LPW Technology, UK, 20-63µm, d 50 ~ 38 µm) and SiC powder (Kemet, Australia, 400 grit, diameter between 11 and 45 µm) were used in this study.
SiC powder was added into the Al12Si powder to make up a volume fraction of 10% and the powder was mechanically mixed in a mixer (Turbula TF2, speed ~ 100 rpm)
for 30 min to ensure a homogeneous distribution. Then the Al12Si/SiC composite parts were produced on a ReaLizer SLM-100 machine (ReaLizer GmbH, Germany)
which is equipped with a 1.06 µm wavelength fibre laser with maximum power of 200 W at the part bed. The laser scan rate, hatch spacing, layer thickness and substrate temperature were 500 mm/s, 0.15 mm, 50 µm and 200°C, respectively.
The Raman studies were conducted on carefully-polished samples (the influence on surface residual stresses was minimised) at room temperature with a confocal Raman backscattering technique (WITec alpha 300RA+) using a 532 nm excitation wavelength and a back-illuminated EMCCD (electron multiplying CCD). The laser light was coupled into the microscope using a single-mode fibre and brought on to the sample using a dichroic mirror and a 100× microscope objective (NA 0.9). The spatial resolution is about 300 nm with a spectral resolution of 0.02 cm -1 . The integration time for collecting each spectrum was ~ 38.78 ms. A stress-free sample was used to calibrate the zero stress reference peak position before each measurement and the residual stress was obtained by measuring the peak shift of the fabricated samples from the stress-free sample. Due to the high-sensitive EMCCD which enables ultrafast Raman imaging, a low laser energy (< 5 mW) was used during the entire experiment and no heating effect was seen.
Results and Discussion
An SEM image of the interface between the Al12Si matrix and the SiC in the SLM fabricated AMMCs is shown in Figure 1(a) . No evidence of the prior Al12Si powder particles was observed, suggesting that the Al12Si particles were fully melted during the process. In contrast, the angular morphology of the SiC powder particles remains largely unchanged, which indicates that the laser energy was insufficient to melt the SiC particles. However, the break-down of SiC particles was also observed during SLM, similar to what we found in our previous study [5] . Another two distinct regions can also be seen at the interface. One region contains a dark needle-like phase while the other has lighter contrast equiaxed particles. The EDX mapping results of the area indicated by the white box in Figure 1 [12] . The Raman intensity map clearly shows the morphology of the SiC particle embedded in the Al12Si matrix.
The Raman spectrum of the Si enriched region at the interface exhibits a sharp peak around 521 cm -1 . This is the E 2 (high) phonon mode of Si [13] . In addition, the Raman spectrum of the C enriched region reveals three weak peaks around 493 cm -1 , 718 cm -1 and 864 cm -1 . These peaks have been attributed to be the A 1g , E g and again A 1g phonon modes of aluminium carbide (Al 4 C 3 ) [14] . It is interesting to note that at each Al 4 C 3 , a weak peak at 521 cm -1 can be detected, which is likely to come from the neighbouring Si particles. Because the angular morphology of SiC is retained after SLM and there is no evidence of localised vaporisation (e.g. formation of pores around the interface), it is very unlikely that the melting or dissolution of SiC into the molten Al12Si matrix has occurred, which would cause the precipitation of Al 4 C 3 and
Si during solidification. Thus, it is reasonable to speculate that during SLM the Al12Si matrix reacts with the SiC particles to form needle-like Al 4 C 3 and the equiaxed Si at the interface. This reaction is extremely slow at the low temperatures for which it is normally observed, with localised reaction products only reaching a few microns after 1 hour at 1000°C [15] . This timeframe is far beyond the interaction time (≤1 ms) between the laser and the powder during SLM. However, the laser absorptivity (at a wavelength of 1.06 µm) of Al12Si and SiC is 7% and 78% respectively [16] . Hence, significant differences in localised temperature of each phase may be occurring. The higher absorptivity of the SiC could lead to high temperature in the reinforcing particles which would facilitate reaction between Al and SiC given that the difference in specific heats of SiC (750 J/Kg·°C) and Al12Si (970 J/Kg·°C) is not significant [17] . In addition, the abovementioned break-down of the SiC will provide large free surface areas which can in turn enhance this interfacial reaction.
The break-down of the SiC may be facilitated by the residual stress during SLM as a result of the extremely high thermal fluctuations and thermal gradients within the AMMCs. This will be discussed in detail below. There are also two peaks located at 2910 and 2980 cm -1 while no G band and D band from carbon can be observed in Figure 2 (d). This has been reported as the mode of the C-H. According to our previous study [18] , there exists a thin layer of moisture on the Al12Si powder particles, which could be ascribed for the formation of C-H.
As shown in Figure 2 , both of the E 2 FTO x(2/3) phonon mode for SiC and E 2 (high) phonon mode for Si in the interface region shift to a lower wavelength number compared to the stress-free SiC and Si, respectively. This suggests that both SiC and
Si are in tensile stress state, probably a result of the formation of residual stresses due to the thermal fluctuations and thermal gradients during SLM. In order to investigate the distribution of the stress in the interface region between SiC and Al12Si matrix, Raman scattering was conducted along two different directions (lines) along the interface and the results are shown in Figure 3 . One direction was along the build direction (Z) and the other was in X-Z direction, perpendicular to the build direction.
To obtain accurate Raman frequency peaks, all the Raman spectra were fitted with Lorentz curves. It is known that Al12Si has a higher coefficient of thermal expansion (CTE) ~22.3×10 -6 /°C [19] than SiC ~4.0×10 -6 /°C [20] which means that compressive stresses would be expected in SiC particles. However, it can be seen that along both directions (lines) the SiC and Si are in tensile stress state ( Figure 3 ). As mentioned above, the SiC absorbs more laser energy and was likely to be heated to a higher temperature than the Al12Si matrix. Thus the SiC particles would have acted as a heat source to locally increase the temperature of the neighbouring Al12Si matrix. As such, the SiC particle and the surrounding matrix may have reached a higher temperature during SLM than other parts of the AMMC. Hence, the SiC and its neighbouring Al12Si matrix will have expanded more during laser heating while the surrounding unmelted Al12Si region acts as a constraint. This results in the formation of compressive stresses within the SiC and the neighbouring Al12Si during laser heating.
During cooling, this region will shrink due to thermal contraction, which induces a tensile stress in this region. This is likely the cause of the observed tensile stress in SiC and its neighbouring Al12Si matrix. However, future studies from a quantitative aspect would help provide a deeper understanding of the underlying mechanism for the formation of this tensile stress.
The tensile stress in SiC along the Z direction is also higher than the tensile stress in
SiC along the X-Z direction. It is known that the laser energy density in SLM has a
Gaussian distribution and the convection in the melt pool during SLM tends to dominate at a high laser power [21] . Both these factors will enhance the heat flow in the 8 X-Z direction more than that along the Z direction, resulting in the melt pool having a Gaussian distribution like morphology. This results in a steeper thermal gradient and thus a lower temperature in the X-Z direction than along the Z direction. The higher temperature along the Z direction will make the expansion of the SiC and its neighbouring Al12Si matrix much stronger in this direction while the constraint from other parts of the AMMC also becomes more pronounced. Therefore in the Z direction, the tensile stress in SiC is higher than that along the X-Z direction.
However, the tensile stress in Si along both directions seems to be essentially identical. cm -1 /GPa [23] . According to this, the tensile stress in the SiC along the X-Z and Z directions has been estimated, which has an average value around 240 and 570 MPa, respectively. This tensile stress in SiC can facilitate the break-down of the intrinsically brittle SiC. Similarly, the tensile stress along both directions in Si is calculated to be around 75 MPa.
Conclusion
In summary, the interfacial reaction products and stress distribution in Selective Laser Melted Al12Si/SiC have been studied using confocal Raman microscopy. Two distinct regions with different Al, C and Si concentrations were observed by EDX.
The C enriched region and the Si enriched region are confirmed by Raman spectroscopy to be Al 4 C 3 and Si, respectively. This interface reaction is thought to be caused by the elevated temperature in the SiC, which in turn is a consequence of its high laser absorptivity. The Raman frequency of both the SiC and Si shifts to lower wavenumber, indicating the presence of tensile stresses at the interface. The tensile stress in the SiC was measured to be higher in the build direction (Z) compared to that in the direction (X-Z) perpendicular to the build direction, while no such difference being observed in Si. The underlying reason was ascribed to the Gaussian distribution of the laser energy density and stress relief through the interfacial reaction. 
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